Epithelial stem cells, such as those present in mammalian skin, intestine, or mammary gland, are tissue stem cells capable of both long-term self-renewal and multi-lineage differentiation. Here we review studies implicating epigenetic control mechanisms in mammalian epithelial stem cell development and homeostasis. We also provide an update of recent progresses in the involvement of canonical Wnt signaling and note an interesting link between the Wnt pathway and chromatin regulation in epithelial stem cells. We anticipate that epigenetic and epigenomic studies of these cells will increase exponentially in the near future.
pigenetic regulation without alteration of DNA sequence underlies the progression of stem cells through different stages of development and differentiation. The control of epigenetic status of a cell involves, among other mechanisms, covalent modification of histones (e.g., acetylation, methylation, phosphorylation, ubiquitination, sumoylation), and DNA methylation. Chromatin regulation can occur at two non-mutually exclusive levels: (1) individual genomic loci, as exemplified by epigenetic events leading to gene transcription or silencing, (2) global chromatin configuration across the genome. The recent breakthroughs of reprogramming differentiated somatic cells such as skin fibroblasts into induced pluripotent stem cells using a small number of transcription factors, and the elucidation of DNA methylation and histone modification landscapes of embryonic stem (ES) cells have shed light onto a unique epigenetic strategy used to support pluripotency [Gan et al., 2007; Meissner et al., 2008] . Interestingly, the so-called ''bivalent'' chromatin domains, characterized by coexistence of both repressive (e.g., histone H3 trimethyl lysine 27 or H3K27me3) and active (e.g., histone H3 trimethyl lysine 4 or H3K4me3) histone marks, have been found in regulatory genes of not only pluripotent ES cells, but also lineage-restricted cells such as resting neurons, CD4 þ T cells, fibroblasts and hematopoietic stem/ progenitor cells [Shen and Orkin, 2009; and references therein] . Such domains are hypothesized to indicate a poised chromatin state that prepares pluripotent or multipotent stem cells for subsequent differential gene expression upon choosing among multiple downstream cell fates. Despite rapid progress in epigenetic studies of embryonic and other somatic stem cells, the epigenomes of epithelial stem cells remains to be elucidated. Considering that epithelium is one of the major tissue targets of tumorigenesis, such studies are fundamentally important for human health. In this article, we review the scant literature implicating epigenetic control modules in mammalian epithelial stem cell development and homeostasis, noting particularly a link between Wnt signaling and chromatin regulation, with the anticipation that epigenetic and epigenomic studies of these cells will increase exponentially in the near future. We focus our discussion on leading stem cell models, namely skin, intestine, and mammary gland.
EPITHELIAL STEM CELLS
Epithelial cells line surfaces and cavities of organs throughout the body, providing functions of protection, sensation, secretion, and absorption that are indispensable for living organisms. Unlike nervous and muscle tissues that have little turnover, epithelial tissues experience extensive life-long homeostasis and regeneration. This remarkable repopulation capacity is attributed to longlived stem cells residing in adult epithelial tissues. Characteristically, these stem cells are capable of generating both daughter stem cells for self-renewal and committed progenitors that can differentiate into lineage-specific progenies. The speed and pattern of epithelial turnover vary from tissue to tissue [Blanpain et al., 2007] , implicating tissue-specific epigenetic regulation of epithelial stem cell homeostasis.
Although the existence of epithelial stem cells has been long recognized, bona fide molecular markers for different types of adult stem cells remain elusive until recently. To circumvent the obstacle, scientists have adopted two main methods for the initial identification of candidate stem cells. The well-known DNA labelretention assay is based on the assumption that stem cells are generally quiescent and retain the BrdU label of genomic DNA much longer than their rapidly cycling progenies. An elegant variant of this strategy is histone H2B-GFP labeling, as used in tracking the hair follicle stem cells (HFSCs) [Tumbar et al., 2004] . The other approach is to ''borrow'' surrogate markers from already characterized tissues. For example, Sca1 (stem cell antigen 1) and Prominin 1 (CD133), markers of hematopoietic stem cells, have been adopted to experimentally enrich for mammary progenitor cells and intestinal stem/progenitor cells, respectively [Welm et al., 2002; Zhu et al., 2009] . The definitive identification of adult stem cells entails two gold-standard strategies: transplantation and genetic lineage tracking, which are designed to assess self-renewal and multipotency, two important features of adult stem cells. In a transplantation assay, candidate stem cells selected by molecular markers are transplanted into recipient animals, and the repopulation of a functional tissue from a single donor cell would demonstrate the identity of a bona fide stem cell. An example of this powerful approach is the discovery that a single isolated mammary stem cell is able to generate an entire mammary gland upon transplantation . In lineage tracing experiments, stem cells are genetically labeled in situ, after which the fate of the labeled stem cells and their clonal progeny are monitored over space and time.
While cell-intrinsic factors are clearly important for stem cell characteristics, the activities of stem cells are largely instructed by the in vivo microenvironment called the stem cell niche that influences stem cell survival, self-renewal, and differentiation. The stem cell niche consists of various components and interactions including growth factors, cytokines, cell-cell contacts, and cell-matrix adhesion components. In adult tissues, this niche is often necessary for maintaining a pool of quiescent epithelial stem cells [Fuchs, 2009] , thus preventing their exhaustion or deregulated expansion that may result in tumorigenesis. The canonical Wnt signaling pathway (see below) has emerged as an important stem cell pathway that acts both directly on stem cells and indirectly on the niche to modulate stem cell fate [Rattis et al., 2004] .
EPIGENETIC REGULATION OF EPITHELIAL STEM CELLS
Although scarce, there have been studies, with the earliest dating back to more than 10 years ago, that highlight the unique feature of global chromatin configuration in epithelial stem cells. For example, Chepko and Smith reported electron microscopic studies noting that mammary epithelial cells undergo chromatin organizational changes as they evolve through the different stages of differentiation [Chepko and Smith, 1997; Chepko and Dickson, 2003 ]. The ''small light cells'' (SLC, putative multipotent mammary stem/early progenitor cells) contain dense clumps of heterochromatin, whereas heterochromatin disappears in the ''undifferentiated large light cells'' (ULLC, putative committed progenitor cells) but forms again upon differentiation towards a luminal fate (Fig. 1) . Recently, Fiona Watt's group examined the global patterns of histone modifications in mammalian skin using immunostaining, providing a first glimpse at the ''histone code'' that associates with quiescent stem cells present in human interfollicular epidermis as well as mouse hair follicle bulge [Frye et al., 2007, Fig. 2] . This ''histone code'' appears to be characterized by high levels of histone H3 lysine 9 and histone H4 lysine 20 (H4K20) trimethylation and low levels of histone H4 acetylation and H4K20 mono-methylation. Interestingly, tampering with the ''code'' by application of inhibitors of histone deacetylases (HDAC) or overexpression of c-Myc results in altered proliferation/ differentiation characteristics of epidermal stem cells. Despite these intriguing morphological and biochemical observations, study of the molecular regulation of epithelial stem cell epigenetics is still in its infancy.
Reverse genetic approaches have allowed scientists to probe into the functional involvement of important chromatin regulators in epithelial stem cells. Polycomb group (PcG) proteins are evolutionally conserved epigenetic gene silencers, and Bmi1 is a component of the polycomb repression complex 1 (PRC1) that recognizes H3K27me3 and ubiquitinates histone H2A, resulting in gene repression . There is growing evidence that Bmi1 is a key regulator of the self-renewal of adult stem cells, including hematopoietic, neural, and mammary stem cells [Sparmann and van Lohuizen, 2006] . As a downstream target of sonic hedgehog signaling, Bmi1 mediates its effect on the self-renewal of normal and malignant human mammary stem cells [Liu et al., 2006] . Ablation of Bmi1 in mice leads to reduced activity of mammary stem cells in transplantation assays, a defect that can be partially rescued by additional inactivation of the downstream target locus Ink4a/Arf, which encodes cell cycle inhibitors p16
Ink4a and p19 Arf [Pietersen et al., 2008] . Moreover, loss of Bmi1 causes premature differentiation of lobuloalveoli in virgin mice independently of p16 [Sangiorgi and Capecchi, 2008] , presenting an intriguing but speculative connection between epigenetic silencing and ISC quiescence. Enhancer of zeste homolog 2 (Ezh2) is another PcG member, and a methyltransferase component of the polycomb repressive complex 2 (PRC2) composed of itself, Eed, and Suz12 [Sparmann and van Lohuizen, 2006] . Functioning within the complex, Ezh2 trimethylates primarily H3K27 to initiate gene repression. In a recent study, Ezh2 has been found to mark embryonic progenitor cells of the epidermis, and its genetic ablation leads to reduced progenitor cell proliferation accompanied by aberrantly elevated expression of cell cycle inhibitors Ink4A and Ink4B, as well as premature induction of late-differentiation genes [Ezhkova et al., 2009] . Conversely, H3K27me3 demethylase JMJD3 (jumonji domain containing 3) occupies epidermal differentiation genes as PcG binding disappears, and is both necessary and sufficient for terminal differentiation [Sen et al., 2008] . These studies collectively underscore the importance of epigenetic repression and derepression in controlling the balance between epidermal stem/progenitor cell proliferation and differentiation.
EZH2 as part of the PRC2 complex has also been shown to recruit DNA methyltransferases (DNMTs) to cognate target genes, providing a direct link between the two modes of epigenetic silencing, namely histone modification (H3K27 methylation) and DNA methylation [Vire et al., 2006] . The importance of DNA methylation in helping epithelial progenitor cells preserve cellular memory through repeated cell divisions has begun to be addressed. Enriched in epidermal progenitor cells but not in differentiating cells, DNMT1 is required cell-intrinsically for maintaining epidermal progenitor cell proliferation and for preventing premature terminal differentiation [Sen et al., 2010] . Conversely, the depletion of Gadd45, which interacts with DNA repair-associated DNA demethylase complexes, inhibits the induction of select differentiation genes upon differentiation cues, whereas Gadd45 overexpression compromises progenitor cell proliferation and results in premature differentiation. Correlating with such functional outputs, many epidermal differentiation genes have been found to be methylated at their promoters in proliferating progenitor cells, but demethylated upon differentiation [Sen et al., 2010] . Thus, epigenetic silencing of select differentiation genes is used as a prominent mechanism to suppress terminal differentiation in proliferating progenitor cells. To date, the involvement of epigenetic activating mechanisms in controlling epidermal proliferation and differentiation has yet to be directly Frye et al., 2007.) elucidated. Moreover, it remains to be determined whether similar epigenetic mechanisms govern the maintenance of other epithelial stem/progenitor cell populations. Along this line, interesting expression patterns have been described for epigenetic silencers including HDAC1, HDAC2, HDAC3, and DNMT1 during intestinal stem/progenitor cell differentiation [Vincent and Van Seuningen, 2009] .
Wnt/b-CATENIN SIGNALING: AN EPIGENETIC UPDATE
In canonical Wnt signaling, binding of Wnt ligands to Frizzled receptors/low-density lipoprotein related protein (LRP) 5 or LRP6 co-receptors initiates a cascade of intracellular events leading to stabilization of the central molecule b-catenin and its subsequent nuclear translocation. Within the nucleus, b-catenin forms complexes with DNA sequence-specific transcription factors of lymphocyte enhancer factor/T cell factor (LEF/TCF) family to regulate the expression of the Wnt target genes. Many of such target genes are silenced in the Wnt-inactive state by LEF/TCF-associated transcriptional co-repressor complexes including Groucho and CtBP, which are then replaced by b-catenin upon Wnt activation. The activated b-catenin also recruits myriad nuclear co-factors to the LEF/TCF-binding loci. Many of these factors are important regulators of histone modification, including histone acetyltransferase (HAT) complexes such as CBP/p300 and TRRAP/TIP60, SETdomain histone methyltransferase (HMT) of H3K4 such as MLL1 and MLL2 (mixed-lineage leukemia 1 and 2) complexes, the SWI/SNF (switch/sucrose non-fermentable) family of ATPases (e.g., BRG1 or brahma-related gene 1) involved in nucleosome repositioning, Hyrax/parafibromin-component of the PAF1 (RNA polymerase II associated factor 1) complex that interacts with RNA polymerase II and facilitates histone modification, and finally the Pygopus (Pygo) family of chromatin effector proteins via B-cell CLL/lymphoma 9 (BCL9) protein [Mosimann et al., 2009] .
Pygo is an evolutionally conserved family of plant homeodomain (PHD)-containing proteins with important roles in animal development [Jessen et al., 2008] . Initially identified in genetic screens for Wg (Wnt counterpart) signaling components in Drosophila, dPygo is essential for transcriptional activation of Wg targets during Drosophila development. This activity is downstream of Arm/bcatenin and mediated by the assembly of a chain of activation complex, and/or by dPygo-dependent nuclear retention of Arm/bcatenin [Jessen et al., 2008] . Mammals have two Pygo homologs, Pygo1 and Pygo2, both of which have been shown to bind directly to K4 di-or trimethylated histone H3 (H3K4me2/3) via the conserved C-terminal PHD domain [Fiedler et al., 2008; Gu et al., 2009] . Furthermore, Pygo2 interacts with WDR5 (WD repeat-containing protein 5), a core subunit of H3K4 HMT complexes including MLL1 and MLL2, facilitating its chromatin association [Gu et al., 2009] . Consistently, Pygo2 is required for optimal trimethylation of H3K4 in MCF10A cells, both globally and at specific Wnt/b-catenin target loci. Pygo2 is also reported to associate with HAT activity and facilitates histone acetylation [Nair et al., 2008; Andrews et al., 2009] . In vivo, genetic ablation of Pygo2 results in dramatic reduction in Wnt signaling output [Li et al., 2007; Gu et al., 2009 ], yet in vitro, whether Pygo2 activates reporter gene expression remains uncertain. This may not be surprising given that the establishment of histone modification and actual transcriptional activation or silencing can be uncoupled.
The critical involvement of chromatin events in Wnt target gene transcription [Mosimann et al., 2009] now illuminates a previously underappreciated link between Wnt signaling and the epigenetic control of epithelial stem cell homeostasis (see below). Further strengthening this link is the recent finding that b-catenin converges with telomerase, another central regulator of stem cell maintenance and activation, on interaction with BRG1 and activation of downstream target genes .
Wnt SIGNALING IN MODEL EPITHELIAL STEM CELLS
In this section, we first present a brief overview of the function of Wnt signaling in two leading epithelial stem cell models: those of the intestine and hair follicle (readers are referred to more comprehensive reviews on the topic [Blanpain et al., 2007; Barker et al., 2008] ). We then focus on discussing recent advances regarding the involvement of Wnt signaling in mammary epithelial stem cells.
WNT SIGNALING IN EPITHELIAL STEM CELLS OF THE INTESTINE
The intestinal tract is lined with rapidly self-renewing epithelia, composed of invaginating crypts and protruding villi that contain ISCs and terminally differentiated cells, respectively. Previous studies in mice have provided strong evidence that Wnt signaling is required for the normal homeostasis of ISCs (Table I) [Barker et al., 2008; and references therein] . Specifically, abrogation of Wnt pathway by deletion of TCF4, or by transgenic overexpression of Wnt inhibitor Dickkopf 1 (DKK1) results in a dramatic reduction in proliferation of crypt cells. Conversely, constitutive activation of Wnt pathway results in massive proliferation of intestinal stem/ progenitor cells and the onset of intestinal tumorigenesis.
Given the intimate link between Wnt signaling and stem cell maintenance, Clevers and coworkers screened Wnt target genes and identified Lgr5 or GPR49, an orphan G protein-coupled receptor, as a marker of ISCs [Barker et al., 2007] . Lgr5 is restrictively expressed in the columnar base cells located on the crypt bottom of murine small intestine, where the niche for gut stem cells is thought to be located. Lineage tracking experiment using inducible Lgr5-Cre knocking and Rosa26-LacZ reporter mice demonstrated that cells of all epithelial lineages of the small intestine and colon were LacZlabeled over long periods of time, providing strong evidence that Lgr5 marks long-lived and multipotent ISCs. Recently, by using Lgr5 as an ISC marker, the same group reported that a single Lgr5-labeled ISC, when cultured in vitro in the presence of Wnt agonist R-Spondin and other factors, gives rise to a crypt-villus structure without a mesenchymal niche [Sato et al., 2009] , further underscoring the critical importance of Wnt signaling in maintaining ISC identity.
WNT SIGNALING IN HAIR FOLLICLE EPITHELIAL STEM CELLS
Wnt signaling plays an important role in the maintenance and activation of HFSCs, which support the extensive regeneration of hair during postnatal life (Table I) [Blanpain et al., 2007; and references therein] . Specifically, inhibition of the Wnt pathway by conditional ablation of b-catenin or by ectopic expression of DKK1 specifically in epithelia blocks hair follicle formation during embryogenesis, with the former also causing a loss of the postnatal HFSC niche. Conversely, cytokeratin 14 (K14) promoter-driven expression of a truncated, non-degradable form of b-catenin (DNb-catenin) in transgenic mice results in de novo hair follicle morphogenesis and tumors. Elegant follow-up studies further suggest that transient, moderate expression of active (nondegradable) forms of b-catenin in quiescent HFSCs induces precocious entry into anagen and subsequent differentiation [Van Mater et al., 2003; Lowry et al., 2005] . Consistent with such a role in HFSC activation, the expression of the Wnt/b-catenin pathway target Lgr5 has been shown to mark a cycling population of HFSCs [Jaks et al., 2008] . In addition to its role in normal homeostasis of HFSCs, Wnt signaling has also been implicated in the regulation of skin stem cells during wound repair, where it facilitates de novo hair follicle formation from the committed interfollicular epidermal stem cells [Ito et al., 2007] .
It is important to recognize that Wnt ligands do not always function through b-catenin and that downstream factors may act independently of Wnt signaling. TCF3 and TCF4 have emerged as factors that are necessary and/or sufficient to maintain primitive, undifferentiated skin progenitor cells, as enforced expression of TCF3 suppresses epidermal, hair follicle and sebaceous grand differentiation, whereas double deletion of TCF3 and TCF4 compromises the long-term maintenance and repair of epidermis and hair follicles [Nguyen et al., 2009; and references therein] . At least some of the functions mediated by TCF3 or TCF4 are Wntindependent, and a detailed look at how b-catenin and TCF factors may differentially bind and affect the epigenetic status of target loci will be of interest. Finally, a recent study showed that persistent expression of Keratin 5 promoter-driven Wnt1 in skin-induced hair follicle hyperproliferation as well as stem cell exhaustion and aging in a manner that is dependent on the mTOR (mammalian target of rapamycin) pathway, pointing out the multivalent function of Wnt signaling in the homeostasis of skin stem cells [Castilho et al., 2009] .
WNT SIGNALING IN MAMMARY EPITHELIAL STEM CELLS
Fueled first by embryonic mammary progenitor cells and subsequently by postnatal stem/progenitor cells residing in the terminal end bud (TEB) of elongating ducts, mammary development proceeds from mid-embryogenesis to 10-12 weeks after birth, culminating in the generation of a mature gland capable of additional morphogenesis during pregnancy/lactation. The presence of adult mammary stem cells (MaSCs), which are capable of both self-renewal and differentiation into at least three different cell lineages (basal/ myoepithelial, ductal luminal, and alveolar epithelial cells), was first demonstrated half a century ago and their characteristics/distribution/activity have been subsequently studied using different methods [Stingl, 2009] . A breakthrough came when two research groups published the isolation of highly enriched mouse MaSCs using two sets of surface markers, namely Lin
, by fluorescence activated cell sorting, and the demonstration of their activity in reconstituting a mammary gland upon transplantation Stingl et al., 2006] . Although to date the exact niche for these self-renewing and multipotent stem cells remains to be defined, a great deal has been learned about their molecular characteristics and regulation [for comprehensive review, see Visvader, 2009] .
As in intestine and hair follicle, Wnt signaling is one of the most critical signaling pathways that regulate MaSCs [Visvader, 2009; and references therein] . In fact, a recent gene expression profiling of highly pure MaSC population compared with their direct progenies implicated the high activity of Wnt-associated signaling network in MaSCs [Pece et al., 2010] . Moreover, mice with compromised Wnt/ b-catenin signaling, including those with DKK1 over-expression or deletion of LRP5/6 or LEF1, fail to properly develop mammary glands. In the converse experiments, aberrant activation of Wnt pathway in mouse mammary tumor virus (MMTV)-Wnt1 or MMTV-DN-b-catenin transgenic mice results in mammary tumors and/or an expansion of the mammary stem/progenitor pool (Table I) . Interestingly, a fine comparative analysis of MMTV-Wnt1 and MMTV-DN-b-catenin mammary tumors has suggested that while DN-b-catenin targets an alveolar progenitor population, Wnt1, by Zhou et al. (1995) virtue of its secreted nature, targets the neighboring basal cells including those with stem/early progenitor cell characteristics [Teissedre et al., 2009] . Consistently, overexpression of DN-bcatenin in basal mammary epithelial cells leads to amplification of primitive basal-type cells that do not express lineage markers [Teuliere et al., 2005] . Collectively, these studies demonstrate the MaSC-containing basal population to be a primary target of active Wnt signaling. This said, there is also evidence suggesting that Wnt1 expressed under the control of MMTV might cause dedifferentiation of committed luminal progenitor cells to a basal, more stem-like state [Vaillant et al., 2008] . Recently, we have obtained genetic evidence that epigenetic activator Pygo2 is expressed in both embryonic and postnatal mammary progenitor cells and plays an important role in the expansion of mammary stem/progenitor cells [Gu et al., 2009] . Ablation of Pygo2 by complete or K14-Cre-specific gene knockout in mice impairs mammary morphogenesis and regeneration likely due to the impairment of self-renewing expansion of mammary stem/progenitor cells (Fig. 3) . This role is linked to Wnt signaling because loss of Pygo2 results in reduced Wnt signaling output, as assessed by both artificial Wnt reporter and endogenous Wnt target gene expression. More importantly, loss of Pygo2 completely rescues the precocious mammary outgrowth induced by DN-bcatenin overexpression under a K14 promoter. Underpinning the epigenetic nature of Pygo2 function, a mutant Pygo2 protein containing a point mutation in its PHD domain that affects its ability to bind H3K4me3 but not BCL9/b-catenin is no longer able to promote colony formation by cultured mammary epithelial cells. Moreover, deletion of the PHD domain, which results in loss of both H3K4me3 and BCL9/b-catenin binding, yielded a dominant negative effect in this assay, suggesting that the regulation of mammary cell proliferation by Pygo2 requires proper interaction with both H3K4me3 and the BCL9/b-catenin complex. Our study has uncovered the first in vivo connection between Wnt signaling and the epigenetic regulation in epithelial stem cells, and has now paved the way for future work to examine how Wnt signaling interacts with the epigenetic machinery to control epithelial stem cell homeostasis.
FUTURE PERSPECTIVES
During the past few years, there has been impressive progress in the identification, isolation, and molecular characterization of epithelial stem cells. Such advances in combination with elegant genetic tools have allowed us to begin to investigate the genetic control of the proliferation and lineage differentiation of these cells. In keeping with the blooming field of epigenetics, efforts have also been initiated to venture into the epigenetic control, both DNA methylation and histone modification, of epithelial stem cells. We predict that the next several years will present both challenging and rewarding opportunities for this scientific journey.
(1) Genetic studies of epigenetic regulators, especially those with a known involvement in ES cells or other stem cell systems, and of epigenetic components of Wnt signaling, will continue to rise. For example, little is known about MLLs' involvement in somatic epithelial stem cells. A recent report showed that MLL1 is important for neuronal differentiation of neural stem cell [Lim et al., 2009] , raising the possibility of similar functions in other stem cell systems. Given the potentially wide-spread involvement of the epigenetic components in development, tissue-, stage-, and/or cell-type specific gene ablation will likely to be essential in uncovering their functions in epithelial stem cells.
(2) Epithelial stem cells in different tissues react differently to canonical Wnt signaling activation. In addition, even cells within the same tissue respond differently to Wnt signaling depending on their differentiation status. There is also strong evidence that the level and duration of Wnt signaling can dictate the specific type of downstream cellular response of the same cells. For example, low levels of Wnt signaling facilitate HFSC activation, whereas medium levels promote HFSC terminal differentiation and high levels stimulate tumorigenesis [Blanpain et al., 2007] . While multiple mechanisms (e.g., different usage of Wnt ligand-receptor/co-receptor combinations or cross-talk with other signaling pathways) likely underlie this context dependence, reciprocal interaction (3) The ''histone code'' hypothesis states that combinations of histone modifications specify chromatin structure and gene activity to achieve/maintain specific cellular states [Jenuwein and Allis, 2001] . Literature on the use of ChIP-chip, ChIP-seq, or MeDIP (methylated DNA immunoprecipitation) where chromatin DNA that is immunoprecipitated with an antibody against a chromatin-bound protein, modified histones, or CpG-methylated DNAs are hybridized to an array or subjected to high-throughput sequencing [Park, 2009; Pomraning et al., 2009] , to map genome-wide factor occupancy or histone marks is exploding. However, such techniques have not been widely applied to the study of epithelial stem cells. Genome-wide ChIP-chip or ChIP-seq studies using antibodies against modified histones or myriad transcription factors such as those involved in Wnt signaling will rise in number to better understand the regulatory gene network that governs the selfrenewal and lineage differentiation of epithelial stem cells. The generation and comparison of chromatin landscapes of normal and experimentally or genetically manipulated cells will provide insights into the epigenetic control of epithelial stem cells and uncover potential mechanisms of stem cell plasticity. Although the field has made considerable progress in the prospective identification of various epithelial stem cells, the limitation in specificity of available markers and the remaining heterogeneity of the resulting populations will undoubtedly complicate such large-scale analysis. Therefore, the identification of novel and highly specific stem cell markers for different epithelial tissues remains a long-term task for stem cell biologists. Moreover, technological advances, such as improving the sensitivity and robustness and lessening the cost of chromatin-state map analysis, will be necessary for the routine analysis of a small population of highly pure stem cells and their differentiated progenies.
(4) As epigenetic and epigenomic studies unfold, there will be increasing recognition of the importance of non-coding DNAs, such as intergenic, intron, and repetitive regions in epithelial stem cell regulation. Potential involvement of non-coding RNAs will likely emerge in such analysis, and genetic follow-up studies will surface. Whether and how developmental signaling pathways like Wnt signaling regulate the epigenetic states of such non-coding sequences, and whether and how they might in turn regulate signaling strength and specificity in epithelial stem cells might constitute a new research direction in the Wnt signaling field.
In summary, the stage is now set for exploring the relationship between epigenetic mechanisms, developmental signaling pathways, and stem-cell-associated processes such as quiescence, selfrenewal, lineage selection, and terminal differentiation. Specifically, the analysis of the effect of Wnt signaling on the epigenomes of epithelial stem cells promises to be highly informative both in terms of basic stem cell biology and in terms of offering new therapeutic tools to manipulate the epigenetic state of these cells.
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The recent elucidation of DNA methylation and histone modifi cation landscapes of embryonic stem (ES) cells have shed light onto a unique epigenetic strategy used to support homeostasis of ES cells. However, whether and how such epigenetic modifi cations function in tissue-specifi c epithelial stem cells is less clear. Mounting evidence suggests an interesting and critical connection between canonical Wnt signaling and epigenetic regulation of epithelial stem cells. For example, it has been shown that Pygo2, a chromatin effector acting downstream of Wnt/␤-catenin signaling, opens the chromatin of and expands mammary epithelial stem and progenitor cells. In this invited "Prospect" article, Gu et al. focus their discussion on leading epithelial stem cell models, namely skin, intestine, and mammary gland, and review recent studies implicating epigenetic control mechanisms, particularly those linked to Wnt/␤-catenin signaling, in mammalian epithelial stem cell development and homeostasis. The authors anticipate that epigenetic and epigenomic studies of epithelial stem cells will continue to rise, and that an analysis of the effect of Wnt signaling on the epigenomes of these will be highly benefi cial to both basic stem cell biology and the design of therapeutic tools to manipulate the epigenetic state of these cells.
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